Illito-kaolinitic clay rich in hematite from south Tunisia was investigated in view of producing geopolymer materials. Geopolymers with two different densities were elaborated: cement and foam. e effects of activator concentrations on compressive strength, water absorption (durability), open porosity, and bulk density of geopolymers cement were examined, in order to assure optimal geopolymerization conditions. Geopolymer cements aged 28 days with optimum performances were achieved for 13 M of alkaline solution concentration. At these conditions, the compressive strength of prepared geopolymer reaches 27.8 MPa. e addition of silica fume to reactant geopolymer mixture induces modification of geopolymer density and decrease in the compressive strength of the final product. Geopolymer materials based on calcined Tunisian clay can be suggested as sustainable and cost-effective cement that may be applied to alternate Portland cement in many construction applications.
Introduction
e demand of cement production continues to increase due to more population explosion. is material is used in almost every type of construction, including homes, buildings, roads, bridges, airports, and subways [1] . Unfortunately, total emissions from the cement industry could contribute as much as 8% of global CO 2 emissions [2] . In the purpose of reducing the environmental construction impact, the aluminosilicate inorganic polymers, also called geopolymers present attractive alternative materials.
e preparation of geopolymer requires mixing simply reactive source of aluminosilicate with strong alkaline solutions and curing at temperatures <100°C to get at an amorphous three-dimensional network.
Nevertheless, the geopolymerization process is still under study. e Gluhhovsky model divides the process into three stages: (i) destruction-coagulation; (ii) coagulationcondensation; (iii) condensation-crystallization [3] . Duxson et al. [3] have developed this theory in the purpose of better understanding of geopolymerization reaction.
us, once mixed with the alkaline activated solution, the amorphous aluminosilicate powder is dissolved rapidly at high pH into free tetrahedral units of SiO 4 and AlO 4 [4] . ese units are breaking up progressively with the reaction development.
is quickly creates a supersaturated aluminosilicate solution. e oxygen atoms joined alternatively every two tetrahedral units, which leads to the formation of a gel in concentrated solutions. e oligomers in the aqueous phase form large networks by condensation. After gelation, the system continues to rearrange and reorganize, as the connectivity of the gel network increases, resulting in the threedimensional aluminosilicate network commonly attributed to geopolymers.
Geopolymers have variety of properties for the construction industry. For instance, geopolymers have good compressive strength resistance [5] allowing them to be an excellent alternative to Portland cement. Furthermore, geopolymers may find applications like thermal insulation or fireproof materials in foamed panels used as thermal insulation in the construction industry [6] .
To obtain geopolymer foams (lightweight materials), different methods are possible, such as formation of foams with infiltration of a polymer perform [7] or use of a poreforming agent [8] . e final product depends directly on two factors, strictly speaking, the aluminosilicate source and the activator. Besides, the majority of geopolymer authors have examined different types of raw materials in order to produce geopolymer, for instance, metakaolin, fly ash, and blast furnace slag [9] [10] [11] . Metakaolin was made by controlled calcination. e process of thermal dehydroxylation breaks down the kaolin, for example, into metastable state (in terms of alumina environment) and quite disordered with the aim of improving their properties [12] . Indeed, the expulsion of OH − group from octahedral structure of kaolinite and the increase in disorder amplified the reactivity of metakaolin and promoted better characteristics of geopolymer products [13] . Moreover, a careful calcination may activate the material resulting in the rising of clay reactivity and improving the mechanical performance of the final product obtained [13] . In spite of that, firing to higher temperatures results in the formation of new unreactive phases such as mullite [12] that can influence the geopolymer characteristics. In this context, the range of calcinations temperature varies from one author to another. Nmiri et al. [14] reveal that the most convenient temperature to obtain the most reactive metakaolin is approximately 700°C. Seiffarth et al. [15] studied the influence of the thermal pretreatment conditions on the reactivity of common clays alkaline earth solutions. Illite and illite-smectite clays were thermally activated between 550 and 950°C in oxidizing and reducing atmosphere, respectively. e mechanical properties of the geopolymeric binders can be improved by using clays calcined under reducing conditions [15] . Furthermore, according to Khater [16] , the addition of silica fume up to 7% greatly enhances the geopolymerization process with the formation of a wellrefined and compact matrix.
Alkali-activating solution is also an important factor for the geopolymerization, especially at the level of the partially dissolution of reactive aluminosilicate source in highly alkaline media into SiO 4 and AlO 4 species [3] . For this precursor, the alkaline activators generally used are NaOH and KOH. Potassium hydroxide should show a greater extent of dissolution due to its higher level of alkalinity. Nevertheless, reality demonstrates that it is NaOH that possesses a greater capacity to liberate silicate and aluminate monomers [17] .
e amounts of dissolved units depend on alkali-activating solution type, concentration, and dissolution kinetics.
is paper aimed to investigate the elaboration of two types of geopolymeric materials (cement and foam) based on illito-kaolinitic clay. e specification of this clay is that it contains a significant proportion of hematite. e influence of this impurity on the final properties of the geopolymer samples will be investigated. e clay was first calcinated at different temperatures. Both calcinated and raw clay were investigated through XRD and Fourier transform infrared spectroscopy (FTIR). Geopolymer is considered as mostly an amorphous material, so all prepared geopolymer cements have been also analyzed by X-ray diffraction (XRD) and FTIR spectroscopy. e open porosity, water absorption, SEM, bulk density, and compressive strength of the hardened geopolymer cement pastes were also determined.
Materials and Methods

Material.
Tunisian raw clay used in this study was originally extracted from Tejra site (Medenine) in the south of Tunisia. e chemical compositions of the starting materials are presented in Table 1 . From these data, the relatively high SiO 2 content is due to the presence of quartz phase in this clay and the red color can be attributed to the important percentage of Fe 2 O 3 .
e surface area (S BET ) and the pore volume (Vp) of the raw clay are 39 m 2 /g and 0.116 cm 3 /g, respectively. Dried clay fraction was crushed and sieved to 75 µm. According to particle size distributions ( Figure 1 ) obtained after grinding, there are two populations with a distribution: the first with a maximum at around 1 μm and the second with a maximum of about 40 μm. is shows that the size of this sample is very small but strongly agglomerated [18] . e raw material was then calcined in a programmable electric furnace (Nabertherm) at a constant rate of 10°C/min for 2 hours. e alkaline activator solution was obtained by dissolving NaOH pellets in sodium silicate solution. e commercial sodium hydroxide (NaOH) with 99.2% purity and the sodium silicate (Na 2 SiO 3 ) powder supplied from Fisher company with a density of 2.4 g·cm −3 and a molar ratio SiO 2 /Na 2 O of 2. e activator solutions were prepared 24 hours prior to use. Table 2 presents details of the mix proportions of this study. For the purpose of elaborating geopolymer materials, the clay was pretreated at 950°C for 2 hours and activated by sodium activator.
Sample Preparations.
e hydroxide pellets and the sodium silicate powder are firstly dissolved in distilled water and cooled down to room temperature.
ermally treated clay powder was slowly added into the alkaline solution for geopolymer cement, whereas 8% of silica fume was added with calcined clay in order to prepare geopolymer foam. e mixture was stirred for 5 minutes with a mechanical agitator. en, the fresh geopolymeric paste is rapidly placed into plastic cylindrical moulds with a diameter (Ø) of 16 mm and a height (h) of 32 mm. e samples were vibrated for few minutes on the vibration table to remove entrained air. In order to prevent the evaporation of mixing water and the surface carbonation, the geopolymer cement samples were covered by plastic film during the hardening process and left to cure under ambient temperature (approximately 22°C). e mold is removed after hardening of the specimens. At the end of the curing regime, after 28 days, the samples were dried well at 60°C for 24 h in order to complete the geopolymerization [19] and then exposed to compressive strength measurements. Fresh geopolymer foams were then placed in an oven at 70°C to constant weight. e open porosity, bulk density, and water absorption were measured according to ASTM C2000.
IR analysis has been carried out using a Nicolet spectrophotometer model 560 spectrophotometer. Fourier transform infrared spectroscopy absorption spectra were recorded in the 4000-400 cm −1 range using a Nicolet system, equipped with a DTGS KBr (deuterated triglycine sulphate with potassium bromide windows) detector. KBr pellets were prepared by mixing 5 wt.% of geopolymer cement or raw and calcined clay powder with 95 wt.% KBr and then pressing.
Compressive strengths of the hardened geopolymer cement were tested using a LLOYD EZ50 universal testing machine with a crosshead speed of 3 mm/min. e surfaces of the hardened geopolymer cement sample were at, parallel, and polished to avoid requirements for capping. e samples were tested after 28 days and all the values presented in the current work were an average of samples for each cure temperature. Each sample was repeated three times.
Apparent porosities, water absorptions, and bulk densities were carried out using Archimedes' method, also known as boiling water method. After putting them in distilled water, the samples were boiled for 2 h for the investigation [20] . Each sample was repeated three times.
BET method using a Quantachrome Autosorb instrument was applied to determinate the speci c surface area, and the pore volume of raw clay was determined from nitrogen adsorption isotherm at 77 K. Selected samples were also used for the scanning electron microscopy (SEM) with the aim to analyze morphological features of porous geopolymer.
Results and Discussion
Characterization of Clay Fractions.
Few studies have been carried out on the suitability of illito-kaolinitic Tunisian clays on the synthesis of geopolymer samples. In particular, illito-kaolinitic clay has shown appropriate properties for building ceramic [12] . us, the suitability of di erent clays in di erent applications is strongly dependent on its mineralogical and chemical composition. Iron can a ect the thermal behavior and phase formation during heat treatment and consequently in uence the nal mechanical properties of the building ceramic [21] . For that reason, the chemical and mineralogical composition and the thermal behavior need to be considered before suitable clay qualities can be selected for geopolymer as an application. Table 1 represents the results of chemical composition of the clay fractions.
e SiO 2 /Al 2 O 3 ratio is di erent from 1. This result indicates that the clay sample is not pure clay (or kaolinite pure). e high iron levels (8% of Fe 2 O 3 ) justify the red color of the investigated clay.
e mineralogical composition of the raw and calcined clay samples is reported in Figure 2 . X-ray di raction pattern shows the presence of quartz (ICCD 01-085-1780), kaolinite (ICCD 01-089-6538), hematite (ICCD 01-087-1164), dolomite (ICCD 01-075-1760), and illite (ICCD 00-002-0050), as principal mineralogical phases for raw clay.
e clay samples were then calcined at 550, 750, 850, 950, and 1050°C for 2 h and analyzed by X-ray di raction ( Figure  2 ). It is found that the re ections of kaolinite disappeared after increasing the temperature up to 550°C and transformed into amorphous state of metakaolin, indicating its destruction in (001) direction [22] . Concerning the illite re ections, no signi cant changes were detected at this temperature, because of its higher thermal stability [23] .
However, at 950°C, illite is no longer detected in the X-ray di ractograms.
is is suggested to be due to the collapse of the illite structure with the increase in the heating temperature [12] . Above this calcination temperature, especially at 1050°C, quartz and hematite are the only existing crystalline phases in clay.
e comparison between raw clay sample and the calcined clay sample at 550, 750, 850, 950, and 1050°C shows several changes detected through FTIR spectra in Figure 3 .
e broadband at about 3427 cm −1 and 1635 cm −1 shows adsorbed atmospheric water [24, 25] . e absorption band at 3612 cm −1 and a shoulder band at 3695 cm −1 are assigned to stretching vibrations of octahedral OH bonds attached to the Al octahedron sheet. With the rise of temperature, these bands disappear, indicating dehydroxylation of the clay. In addition, the band relative to Si-O stretching vibrations was presented in IR spectrum at 477 cm −1 [26] . e Si-O-Si asymmetric vibration at 1030 cm −1 is also present in the IR spectrum [24] . e quartz (high content in this sample) is identi ed at 780 and 796 cm −1 in infrared spectroscopy [24] .
e band centered at 1030 cm −1 in the IR spectrum becomes broad due to decreasing crystalline kaolinite structure during calcination and formation of metakaolin. Characteristic peak of Si-O-Al bending vibration was presented in the IR spectrum at 536 cm −1 and disappears at 950°C [27] . According to these results and for the purpose of preparing reactive clay for the geopolymer synthesis, the clay will be used as calcined at 950°C for 2 hours.
Optimization of Geopolymer Cement Mixture.
Concentration of alkali activator is an important factor that a ects the microstructural development of the systems as well as the Si/Al ratio, and hence directly the nal products [3, 28] . In fact, strong alkalis are required during the rst step of the process in order to dissolve the silica and alumina from raw materials.
To examine the role of the alkaline solution on the compressive strength of hardened geopolymer cement pastes and according to the previous results, the temperature of calcinations was xed at 950°C and four di erent NaOH concentrations were supplied, as mentioned in Table 2 . e compressive strengths of hardened geopolymer cements prepared with various NaOH concentrations are presented in Figure 4 .
Geopolymer samples made with 8 M NaOH (M1) have the lower compressive strength after 28 days of curing. An increase in the NaOH concentration from 8 to 13 M (M2) causes an increase in the compressive strength of the nal geopolymers. But, when the concentration of NaOH exceeds 13 M exactly for M3 and M4, the compressive strength declined.
is result tendency is surprising, because the compressive strength was normally expected to increase with increasing NaOH concentrations. Nevertheless, these results may be related with two factors which are the dissolution/hydrolysis of alumina and silica and polycondensation to form geopolymer. e reasons for this attitude can be explained by the excess hydroxide ion concentration when higher NaOH concentration solutions were used. In fact, this excess caused the precipitation of the aluminosilicate gel at a very early stage. As a consequence, geopolymerization was precluded which lead to lower strength geopolymers [29] . From these results, the geopolymer samples activated with 13 M NaOH had the optimum alkaline environment and the best compressive strength values when comparing with other geopolymer samples prepared using di erent concentrations of NaOH. Furthermore, Essaidi et al. have investigated the role of hematite in aluminosilicate gels based on metakaolin [30] .
ey found that the presence of iron oxide in the clay fraction does not contribute in the formation of geopolymer materials. e particles of hematite not altered by the geopolymerization reaction lead to the formation of di erent speci c networks other than geopolymer network that act as a reinforcing load and cause the improvement of mechanical properties [30] . Figure 5 presents the FTIR spectra of calcined clay at 950°C powders and the cured geopolymer samples prepared with various NaOH concentrations. A broad band was detected at the wave number of 3442 cm −1 corresponding to O-H stretching and the hydroxyl group present in the water molecule. A signi cant broad band centered at the wave number of 1070 cm −1 (1032 cm −1 for unheated clay) for the calcined clay corresponds to Si-O-Si asymmetric stretching.
is very particularly area is a proof of changing Al substitution in the tetrahedral sites of silica framework. For all geopolymer mixture samples, this band was shifted to lower wave number which point to chemical modi cation in the geopolymer matrix followed by the formation of new products resulting from the mix of the clay and the alkaline solution. For the mixture M2, the bands were signi cantly decreased in intensity. is modi cation in intensity shows the amorphous phase in the depolymerized clay to Si-O and Al-O bonds, whereas the displacement suggests the polycondensation of these bonds in the alkaline environment.
With the increase of NaOH concentrations, the activation of calcined clay was improved which further increased the Al substitution in Si-O-Si bond, that is why the broad bands were shifted to lower wave number. e Si-O-Si band of quartz identi ed at 780 and 796 cm −1 does not contribute in the geopolymerization process. e absorption band around 1450 cm −1 in the FTIR spectra of M3 is related to stretching vibrations of C-O sodium carbonate bond which leads to e orescence.
Concerning the density of the hardened geopolymer cement pastes (Figure 6 ), it is clear that the evolution of bulk density has the same shape of the compressive strength results. In other words, 13 M NaOH gains the highest value of the density 2179.8 kg/m 3 . While for open porosity and water absorption (Figure 7) , the results were inversed. e lowest open porosity and water absorption levels favored by 13 M NaOH achieved best mechanical performance, conrming the e ect that the porosity is unfavorable for the mechanical performance.
Characterization of Geopolymer Materials.
e addition of silica fume to the reactant geopolymer mixture induces the expansion of the sample volume and creates a multiscale porosity [8] as presented in Figure 8 . e visual observation of the geopolymer materials activated by 8 M of NaOH reveals di erence between the two synthesized materials where geopolymer cement presents mainly compact consolidated materials with some cavity resulted from the entrained air during molding. However, geopolymer foam presents 49% of porosity.
SEM pictures of the geopolymer samples presented in Figure 9 con rm that the microstructure of geopolymer cement was relatively compact compared to geopolymer foam. is porosity is mostly the cause of the decrease in the compressive strength of the geopolymer foam aged of 28 days (Figure 10 ) [31] .
According to these results, geopolymer foams can be used for thermal insulation applications [32] .
Conclusion
e analysis of raw Tunisian clay, namely, chemical analyses, FTIR, and XRD revealed the presence of illite and kaolinite phases in the clay fraction associated with quartz, hematite, and dolomite.
Despite the relatively high hematite content in the clay, the optimization of geopolymer cement synthesis was successfully achieved with a compressive strength comparable to cement Portland (30 MPa). For the concentration e ect, there is a minimum value for the porosity and water absorption and a maximum for the density at 13 M. e optimum compressive strength of hardened geopolymer was 27 MPa.
e introduction of silica fume to the geopolymer mixture creates 49% of porosity inside the samples and decreases the mechanical performances. Advances in Materials Science and Engineering 7
